Com bus tion is an im por tant sub ject of in ter nal com bus tion en gine stud ies. To reduce the air pol lu tion from in ter nal com bus tion en gines and to in crease the
In tro duc tion
World's en ergy de mand is met mostly with com bus tion tech nol o gies. In spite of al terna tive tech nol o gies of en ergy pro duc tion for power plants, there is no al ter na tive for trans por tation. Re search ers also work on al ter na tive tech nol o gies, like fuel cell, for trans por ta tion sec tor.
In ter nal com bus tion en gines are ma jor sources of ur ban air pol lu tion [1, 2] . Com bustion phe nom ena in in ter nal com bus tion en gines are to be in ves ti gated in de tail. The most im portant pro cess on in ter nal com bus tion en gines is com bus tion pro cess, and one of the im por tant parts of en gine mod el ing is com bus tion mod el ing [3] . Nu mer i cal meth ods are cheaper than exper i men tal meth ods. Nu mer i cal meth ods are used to es ti mate the pa ram e ters, that can not be
Prob lem def i ni tion and for mu la tion
The con fig u ra tion of the cyl in der with its ports is shown in fig. 1 . The cyl in der is axisymmetric and in let and ex haust valves are lo cated at the cyl in der axis. In or der to ob tain flow field and com bus tion char ac ter istics, the en sem ble-av er aged dif fer en tial form of con tinu ity, mo men tum, enthalpy, stan dard k-e and chem ical re ac tion equa tions are solved with ap pro pri ate bound ary con di tions. Tur bu lent com bus tion is sim ulated by eddy break-up model. All these equa tions were used to de velop FORTRAN code to sim u late the com plete en gine cy cle. Code starts with in take stroke, then fol lowed by com pres sion, ex pan sion (work ing), and ex haust strokes, re spec tively.
Con ti nu ity equa tion
Con ti nu ity equa tion for 2-D un steady flow in cylinderical co-or di nates are given as: ¶ ¶ ¶ ¶ ¶ ¶ r r r t u z r r u r
Mo men tum equa tions
Mo men tum equa tions for two axes sep a rately can be given as:
-r-axis ra dial mo men tum equa tion 
-z-axis mo men tum equa tion 
Tur bu lence equa tions
For tur bu lence mod el ing, k-e two equa tion tur bu lence model was cho sen:
-trans port equa tion of tur bu lent ki netic en ergy, k:
-trans port equa tion of tur bu lence ki netic en ergy dis si pa tion rate, e: Wall func tions ap plied to near wall flow are given in de tail in Versteeg et al. [18] .
En ergy equa tion
To tal enthalpy is used for cal cu lat ing the en ergy equa tion. En ergy equa tion is given as: 
Chem i cal re ac tion equa tion
Chem i cal equa tion is given for hy dro car bon fu els:
Chem i cal re ac tion trans port equa tion is used as: Dur ing the so lu tion of chem i cal re ac tion equa tion the source term R f is de pend on flow con di tions. For lam i nar flow com bus tion, the re ac tion rate is kinetically con trolled and Arrhenius type source term is used:
where E/R = 1.84·10 4 K.
In this study the model con stants are taken as:
For tur bu lent flow com bus tion, eddy break-up model is used. The re ac tion rate of fuel is taken as the small est value of tur bu lent dis si pa tion rates of fuel, ox y gen, and prod ucts:
Equa tion of state
Equa tion of state is used as sup ple men tary equa tion:
Bound ary and ini tial con di tions
Bound ary and ini tial con di tions that used in or der to solve the equa tions are given below. Bound ary con di tions dur ing in take stroke are di vided into parts. At the cyl in der head has two parts; first one is the valve gap for in let pro cess, sec ond one is the walls of cyl in der head. Fuel mass frac tion in the fuel/air mix ture change ac cord ing to the mix ture is rich, stoichiometric, and lean mix ture. On the pis ton head, which lim its com bus tion cham ber, ve loc ity of the work ing fluid is equal to ve loc ity of the pis ton. On the walls of the com bus tion cham ber wall bound ary con di tions are used, due to ge om e try on the symmery axis, sym met ric bound ary con di tions are used.
At the cyl in der head (z = 0) (dur ing the in take stroke): Re cip ro cat ing mo tion of pis ton is mod eled by us ing mov ing mesh tech nique. All equations were con verted ac cord ing to con ver sion equa tion of mov ing mesh [7, 19] :
Nu mer i cal so lu tion pro ce dure
The gov ern ing equa tions sub ject to rel e vant bound ary con di tions were solved nu mer ically us ing fi nite-vol ume method. The up wind tech nique was em ployed to discretize the con -vec tive terms. All discretization steps were given in [20] . A CFD code has been de vel oped by us ing the SIMPLE al go rithm [21] in FORTRAN pro gram ming lan guage. In or der to ob tain a solu tion in de pend ent of the grid dis tri bu tion, grid sen si tiv ity tests were per formed by trac ing the cyl in der pres sure against crank an gle (CA) as it was done by Watkins et al. [22] . It is found that the so lu tion be comes al most in de pend ent with 50 uni form grids in x-di rec tion and 30 uni form grids in the r-di rec tion. All mo men tum, en ergy and chem i cal re ac tion equa tions are cou pled and solved to gether. The de vel oped CFD code sim u lates four strokes of en gine cy cle in clud ing flow mo tion and com bus tion.
Re sults and dis cus sion
In this study com bus tion in an ide al ized ho mo ge neous charge SI en gine is an a lyzed nu mer i cally. It is as sumed that spark plug and in let/ex haust valves are lo cated at the cen ter line of cyl in der. Com pu ta tions are per formed for three dif fer ent air fuel ra tios, for com pres sion ra tio of 10:1 and in let valve an gle of 60°. En gine speed is set to N = 24 rpm and N = 2400 rpm, which cor re sponds to lam i nar and tur bu lent flow con di tions, re spec tively. Cyl in der bore D = 0.1 m, stroke L = 0.09 m and di am e ter of in let/ex haust valve d = 0.05 m are cho sen. Meth ane is used as a fuel. In case of lam i nar com bus tion, Arrhenius type com bus tion equa tions were em ployed. In case of tur bu lent com bus tion, eddy break-up model was used.
Ig ni tion tim ing is an im por tant pa ram e ter for SI en gine com bus tion. Ig ni tion tim ing advance (ITA), is cal cu lated by the fol low ing equa tion which is sug gested by the au thors:
Com bus tion is started as sum ing the 70 per cent of fuel con sumed at the ig ni tion time in the re gion around the spark plug. This re gion cor re sponds to the com pu ta tion cells of (1 to 3 ´ 1 to 10) (r ´ x). The flame de vel ops from the ig ni tion points in a nearly hemi spher i cal re gion and it reaches to the pis ton sur face. Then the flame front prop a gates in the ra dial di rec tion.
In or der to in ves ti gate the ef fect of air/fuel ra tio, ex cess air co ef fi cient l was cho sen l = 0.9, 1.0, 1.1, which rep re sents the mix tures of rich, stoichiometric and lean, re spec tively. Air fuel mix ture en ters the cyl in der with given val ues as bound ary con di tion, then con cen tra - tion of fuel changes in the cyl in der. For the tur bu lent com bus tion mod el ing, en gine speed was cho sen 2400 rpm ( figs. 2 and 3) . Dur ing the in take stroke, con tours of mass frac tion of fuel look sim i lar but have dif fer ent val ues due to mix ture com po si tion. Af ter pis ton reaches BDC (bot tom dead cen ter), valve open ing closes and the air-fuel mix ture com pressed dur ing the com pres sion stroke and ho mo ge neous mix ture frac tion ob tained ( fig. 2) . Af ter the ig ni tion, the flame de vel ops from the ig ni tion points in a nearly hemi spher i cal re gion and it reaches to the pis ton sur face. Then the flame front prop a gates in the ra dial di rec tion. For the rich and stoichiometric mix tures com bus tion du ra tion is the same be cause the max i mum amount of fuel that can be burned is the stoichiometric ra tio of that fuel. Ex cess fuel does not in volve in the com bus tion. For lean mix ture, flame ve loc ity is lower than stoichiometric and rich mixture, com bus tion du ra tion is lon ger ( figs. 3 and 4) . The same trend was ob served in the re cent study of Perini et al. [23] about com bus tion pro cess in SI en gines fu eled with hy dro gen, methane, and hy dro gen-meth ane blends.
In fig. 5 , mass frac tion of fuel con tours is given for the SI tim ing. Com bus tion du ra tion in lam i nar com bus tion is shorter in terms of the CA, be cause en gine speed is slower. When l increases com bus tion du ra tion also in creases in lam i nar com bus tion. The lon gest du ra tion is obtained for l = 1.1 (figs. 6 and 7). Ex per i men tal in ves ti ga tion on flame sta bil ity of hy dro ge nated mix ture was done by Hal ter et al. [24] , it is ob served that for lam i nar com bus tion, burned gas Markstein length, that is re lated to flame ve loc ity, in creases with de creas ing air/fuel ra tio. This ob ser va tion is in agree ment with ob ser va tion of the nu mer i cal re sults of this study. No men cla ture 
